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solid  rare  gas  matrices  at  4°K  and  investigated  by  ultraviolet, 
visible,  and  infrared  spectroscopy.  The  atomic  species  were 

or,  alternatively,  by  vaporizing  MoOj(s)  from  a resistively 

absorption  near  235  nm  which  was  assigned  to  the  resonance 
transition  1P1  * 1SQ  which  appears  at  234.86  nm  (42,565  cm-1) 

232.0  nm  (43,090  cm-1),  236.0  nm  (42,360  cm-1),  and  240.5  nm 
(41,567  cm-1)  in  Ne,  Ar,  and  Kr,  respectively.  Excitation  to 
the  XP  state  also  led  to  long-lived  emission  in  Ar  and  Kr 
matrices  at  465.0  nm  and  464.7  nm  with  lifetimes  of  1.33(8) 
and  0.095(5)  sec,  respectively.  The  emission  was  assigned  to 


the  spin-forbidde 


case  a broad 


band  also  appeared  in  emission  at  longer  wavelengths  and  was 
attributed  to  coupling  with  the  matrix  phonons. 

observed  with  the  (0,0)  band  at  350.15(5)  nm  (28,551  cm-1) 
in  Ne  and  361.30(5)  nm  (27,670  cm-*)  in  Ar.  In  analogy  with 
the  other  van  der  Haals  molecules  Mg2  and  Ca2,  these  bands 

frequency  in  the  upper  state  was  489  cm-1  in  Ne  and  474  cm  * 
in  Ar  matrices.  No  other  electronic  transitions  assignable  to 
Be2  were  detected  out  to  50,000  cm-1. 

tions  from  the  ground  state,  a 'Sj,  to  the  excited  states  y'P2  3 4 
and  z 1*2  3 4 * In  Ar  the  z7P  *-  a 5 transition  appeared  as  a 
triplet  with  peaks  at  357.1,  349.9,  and  341.5  nm.  The  y7P  * a7S 
transition  appeared  as  a single  broad  band  at  288.0  nm.  In 
Ne  matrices  the  z7P  ■>-  a7S  triplet  was  seen  at  371.5,  366.5, 
and  359.2  nm.  The  y7P  *■  a's  transition  also  appeared  as  a 
triplet  in  solid  Ne,  with  peaks  at  307.4,  305.5,  and  303.0  nm. 
Bands  assigned  to  Mo  polymers  were  observed  near  510  nm  in 
concentrated  Ne  matrices,  and  a progression  tentatively  assigned 
to  Mo2  was  observed  in  Ne  from  about  345  nm  to  320  nm  with  a 
vibrational  spacing  in  the  excited  state  of  about  550  cm  * . 

Mo02,  Mo03,  (Mo03)2,  (Mo03)3,  (Mo03)4,  and  (Mo03>5  have 
been  trapped  in  Ne  and  Ar  matrices  at  4°K.  The  electronic 
absorptions  of  these  molecules  were  extremely  weak  and  not  at 


all  similar  to  the  tungsten  oxide  systems.  The  infrared  spec- 
tra were  recorded  and  the  bands  were  assigned  to  particular 
molecules  on  the  basis  of  the  relative  abundances  of  the  oxides 
under  different  reaction  conditions,  as  determined  by  pre- 
vious mass  spectrometric  investigations.  Bands  assignable  to 
v3  and  v1  for  98Mo1602  were  observed  in  Ne  at  900.1  cm-1  and 

allowed  the  O-Mo-O  bond  angle  to  be  calculated,  and  it  was 
determined  to  be  124“  ± 6".  Absorptions  at  976.7  cm  * and 

922.2  cm-1  in  Ne  were  assigned  to  Mo03-  Bands  at  975.7,  694.2, 

at  977.6,  858.4,  and  840.1  cm-1  were  assigned  to  the  trimer, 
(MO03)3,  in  Ne  matrices. 
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CHAPTER 


OPTICAL  SPECTROSCOPY  OF  BERYLLIUM  ATOMS 
IN  RARE  GAS  MATRICES 

When  metal  atoms  are  trapped  in  rare  gas  matrices,  the 
gas  phase  resonance  transitions  are  usually  identifiable  in 
the  solid,  but  the  absorption  spectrum  is  commonly  altered 

tions  are  nearly  always  different  from  the  gas  phase  values, 
and  transitions  which  are  seen  as  sharp  singlets  in  the  gas 
phase  may  appear  as  broad  multiplets  in  the  matrix.  New  ab- 

tion  with  previously  observed  atomic  transitions,  and  forbid- 
den transitions  may  become  allowed  because  of  relaxed  selec- 

directed  toward  the  classification  and  explanation  of  these 
phenomena. 

A great  deal  of  the  work  which  has  been  done  on  atomic 

sitions  of  metals  having  singly  or  doubly  occupied  ns  shells 
as  the  outermost  populated  orbitals  in  their  ground  electronic 


ilkali 


ils  12-7] , alkalir 


rths  [8-14],  Group 


2-25]). 


lib  metals  [2,15-21],  and  transition  metals  [8,17,22 
Commonly,  the  resonance  transition  appears  in  the  matrix  as 
a triplet  for  atoms  of  these  configurations.  Attempts  to 
explain  the  triplet  splitting  have  been  related  to  several 
different  theoretical  models:  (1)  Jahn-Teller  distortion 

of  the  Pj  state,  removing  its  threefold  degeneracy  [17], 

(2)  solute-solute  interactions  between  non-nearest  neighbor 
metal  atoms  [2],  (3)  non-octahedral  symmetry  of  the  trapping 
site  [3,9],  which  could  split  the  degeneracy  of  the  excited 
state,  and  (4)  multiple  trapping  sites  of  different  energies 
[7,17].  Recent  experiments  [23]  have  indicated  that  the  ob- 
served complexity  of  the  absorption  spectra  of  metal  atoms 
in  solid  matrices  is  not  due  to  solute-solute  interactions, 
and  the  observed  behavior  of  the  triplet  systems  when  the 
matrices  are  annealed  [12]  indicates  that  multiple  trapping 
sites  are  not  the  origin  of  the  energy  splitting.  However, 
there  is  still  no  single  theoretical  model  which  satisfac- 
torily describes  the  phenomena  which  are  observed  for  these 
systems . 

is  particularly  interesting  for 
its  small  size  and  relatively  simple 
The  ground  state  electron  configura- 
atomic  resonance  transition  2s2p 

the  matrix  and  in 
(42  565  cm'1)  [261. 


The  beryllium  ab 
matrix  study  because  i 
electronic  properties 
tion  is  ls22s2,  and  tl 
lpl  * 2sZ  1S0  is  the  primary  absorption 
the  gas  phase  where  it  occurs 


The  low  lying  energy  levels  of  the 
2.  Although  the  singlet  and  triplet  manifolds  of  t 


Be  atomic 


been  thoroughly 


stigated  [27-31J,  the  ir 
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gon,  and  kryp- 
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TABLE  1 


ABSORPTION  LINES  IN  Be: RARE  GAS  SYSTEMS 


242.4 
258.0 

246.4 


258.2 

“Be2  Bands" 


217.2 

235.0 

236.0 

237.0 
262.6 
270.8 

287.0 

289.0 
291.6 


2s2p  1P«-2s2  XS 
2s2p  1P*2s2  XS 


39  639 
38  718 


(see  Table  2) 


impurity 


42  540 
42  360 
42  181 
38  069 
36  916 
34  833 
34  591 
34  282 


2s2p 


lp<_2s2  lg 


2p2 


3P«-2s2p  3P 
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Figure  2. 


Gas  phase  atomic  energy  level  diagram  for 
beryllium.  The  wavelengths  of  the  indicated 
transitions  are  given  in  nm. 
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Figure  3.  Beryllium 


absorption  in  an  argon  matrix. 
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Absorption  spectrum  of  beryllium  atoms  in  an 
argon  matrix^  showing  features  assigned  as 
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Figure  5.  216.7  nm  absorption  in  a Be  doped  Ar  matrix  at 

4 K.  (a)  Before  annealing.  (b)  After  annealing. 
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Figure  7. 
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Ultraviolet  absorption  spectra  Of  Be 
matrices  at  4°K.  The  upper  spectrum 
for  an  extremely  dilute  matrix.  The 
concentratio°riied  ^ * matrix  hawin9 
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Figure  9.  Impurity  absorptions  observed  in  a Be  doped  Ne 
^pearedtwh'>K’thThe  br<?ad  band  at  242'4  nra  dis_ 
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Emission  Intensity 


Be  Emission  in  Krypton 


Figure  12.  Emission  spectrum  of  Be  isolated  in  a Kr  matrix. 

The  emission  was  excited  in  the  region  of  the 
ip  * is  atomic  absorption. 


to  1/e  of 


original  value.  If  equation  (1.1 


I(t)/X0  = exp(-t/T)  . (1.2) 

Then,  taking  the  natural  logarithm  of  both  sides  of  equation 
(1.2)  we  have 


ln(I(t)/l  ) = -t/i  . 


(1.3) 


So,  a plot  of  ln(I(t) ) versus  t should  give  a straight  line 
whose  slope  is  -(1/x).  Individual  decay  times  were  determined 
graphically  from  the  slope  of  logarithm  of  intensity  versus 
time  plots,  which  are  shown  in  Figures  13-15. 

As  nearly  as  can  be  determined  the  initial  decay  of  all 
of  the  bands  which  were  recorded  appears  to  be  exponential. 
Since  the  decay  curves  appear  to  be  exponential,  and  since  the 
high  signal/noise  points  at  short  times  after  the  excitation 
ceased  were  more  heavily  weighted  in  the  graphical  determina- 
tion of  the  decay  time,  the  reported  values  are  representative 
of  an  initial  decay  obeying  an  assumed  first  order  rate  law, 
and  will  frequently  be  referred  to  as  emission  lifetimes. 

The  emission  lifetime  in  argon  matrices  was  found  to  be 
1.33  ± 0.08  sec  when  measured  at  the  wavelength  of  peak  emis- 
sion intensity.  In  krypton  it  was  found  that  the  two  emission 
bands  decayed  with  different  lifetimes.  The  peak  at  464.7  nm 
had  a lifetime  of  95  i 5 msec,  and  the  peak  at  517.0  nm 
decayed  with  a lifetime  230  ± 25  msec.  The  long  wavelength 


Emission  Intensity  (I) 


33 


for  the  465 


Figure  13. 


Figure  14.  Plot  of  In (Emission  Intensity)  vs.  Time  for  the 
decay  of  the  465  nm  emission  in  Kr  matrices. 
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emission  component  was  also  found  to  diminish  in  intensity 
when  the  krypton  matrix  was  annealed. 


The  Be  atomic  resonance  line  was  observed  in  absorption 
in  all  three  rare  gas  matrices.  In  neon  this  absorption  was 
shifted  to  the  blue  of  the  gas  phase  absorption  by  525  cm-1. 

In  argon  and  krypton  the  absorptions  were  red-shifted  from 
the  gaseous  value  by  205  and  998  cm-1,  respectively.  Although 
no  theory  has  yet  been  shown  to  accurately  predict  the  shift 
of  spectral  absorption  energies  when  going  from  the  gas  to 
the  solid  state,  it  has  been  recognized  that  with  a few  no- 
table exceptions  (charge  transfer  complexes) , the  observed 
shifts  change  in  a regular  fashion  as  the  atomic  weight  of 
the  host  atom  is  changed.  The  trend  is  most  easily  identified 


true  that  an  increase  in  the  atomic  weight  of  the  host  shifts 
the  guest  transition  to  lower  energy.  This  effect  (which  is 

of  the  increasing  van  der  Waal s'  forces  between  guest  and 


host  when  the  polarizability  of  the  host  is  increased  (39). 
It  was  also  found  that  the  linewidth  for  the  Be  resonance 
absorption  followed  the  trend  Ne  > Ar  > Kr.  This  observatic 
is  consistent  with  other  results  II]  which  have  shown  that 


lly  sharpes 


broader 


lich  he 


metal  in  rare  gas  matrices  suggest  that  we  are  dealing  with 
at  least  three  different  atomic  states  in  these  experiments. 

It  has  been  shown  that  the  emission  is  from  a state  which  is 
at  most  21  500  cm-1  above  the  ground  state  and  that  produc- 
tion of  the  emission  is  contingent  upon  absorption  of  light 
corresponding  in  energy  to  the  *p  -*-  atomic  transition,  a 
quantum  of  energy  of  about  42  500  cm'1.  The  only  Be  atomic 

is  the  3P  state  which  lies  21  980  cm'1  above  the  ground  state 
[26).  Therefore,  it  is  inferred  that  the  emission  results 
from  excitation  of  the  1P  state  by  absorption  from  the  1S 
state,  followed  by  intersystem  crossing  to  the  3P  state,  and 
radiative  decay  from  the  3P  state  back  to  the  ground  state. 
These  processes  (intersystem  crossing  and  phosphorescence) 
are  spin  forbidden  and  have  not  been  observed  for  Be  atoms 
in  the  gas  phase  where  the  probability  of  collisional  de- 
excitation greatly  exceeds  the  probability  of  radiative  decay. 
In  the  solid  state,  the  external  heavy  atom  effect  of  the 
rare  gas  hosts  makes  the  triplet-singlet  transition  more 
allowed  and  shortens  the  radiative  lifetime.  However,  the 
influence  of  the  neon  environment  on  the  mixing  of  singlet 
and  triplet  states  is  apparently  not  large  since  no  emission 
was  observed  in  that  case. 

The  suggestion  that  the  emitting  state  is  the  3P  state 
of  the  Be  atom  is  supported  by  the  following  experimental 
evidence : 


(1)  the 


long  life 


indicatir 


that  the 


forbidden;  (2) 


lifetime  becomes 


order  Ne  (no  observable  emission)  < Ar  < Kr.  These  observa- 

Ne (-521  cm-1)  < Ar<-940  cm-1)  < Kr(-3  479  cm-1)  [40]. 

In  brief,  these  forbidden  transitions  are  increased  in 
intensity  because  of  mixing  of  the  rare  gas  electronic  states 
with  the  electronic  states  of  the  solute  by  exchange  inter- 
actions. Since  heavy  atoms  have  strong  spin-orbit  coupling, 
solute  states  of  different  multiplicity  are  more  strongly 
coupled  in  the  heavy  atom  host  than  in  the  gas  phase,  thus 
increasing  the  "allowedness"  and  shortening  the  radiative 
lifetimes  of  spin  forbidden  transitions.  Multiplicity  for- 

mixing  of  different  spin  states  and  so  the  rates  of  inter- 
system crossing  transitions  are  also  increased  by  heavy  atom 

and  radiationless  transitions  have  been  discussed  by  Robinson 
[40]  and  by  Robinson  and  Frosch  [41],  respectively. 

The  resolution  of  two  emission  bands  in  Kr  matrices  is 
difficult  to  explain.  Both  bands  were  excited  only  when  the 
matrix  was  irradiated  in  the  region  of  the  atomic 

absorption  energy,  so  that  both  peaks  appear  to  arise  from 
atomic  Be.  The  fact  that  the  low  energy  peak  diminished  in 


intensity 


that  the 


ild  imply 


wavelength  emission  may  be  due  to  solute-solute  inter 

the  formation  of  Be2  on  annealing,  which  was  observed,  but 
it  fails  to  account  for  the  nearly  equal  areas  under  the  t 


Another  possible  explanation  would  be  to  attribute  th 

Multiple  trapping  sites  may  be  formed  as  a result  of  varia 
tions  in  the  solvent  cage  of  the  host  in  the  doped  sample 

boundaries,  or  neighboring  vacancies) . However,  the  2200 
splitting  is  extraordinarily  large  to  be  accounted  for  by 
such  effects. 


A third  possibility  involves  the  theory  of  zero-phonon 
transitions  (42)  which  was  developed  to  explain  the  absorp- 
tion and  luminescence  spectra  of  certain  color  centers  in 
alkali  halide  crystals  near  0°K,  and  has  only  recently  been 
applied  to  the  luminescence  of  impurity  centers  in  rare  gas 
solids  143] . 


optically  transparent  over  some  spectral  region  of  interest 
has  contributed  greatly  to  the  understanding  of  the  physical 
properties  of  solutions  and  the  underlying  microscopic  inher- 
ence of  narrow-line  features  in  vibrationally  broadened  optical 


40 


transitions  is  not  uncommon  and  can  be  related  to  such  well- 
known  phenomena  as  pure  electronic  transitions  in  molecular 
spectra  or  the  recoil-free  Mossbauer  line  in  Y-ray  spectra, 

broadened  transitions.  In  the  optical  case,  the  transition 

can  be  accommodated  by  accompanying  changes  in  the  degree 
and  energy  of  solvation.  So,  the  states  in  equilibrium  after 

Condon  principle,  however,  immediately  after  excitation  the 
geometry  in  the  excited  state  must  be  the  same  as  it  was  in 
the  ground  state.  Then,  given  time,  the  exciplex  (excited 

means  of  expansion  or  contraction  of  the  solvent  cage  or  per- 
haps by  reorientation  of  some  solvent  particles.  The  host 
motions  which  are  involved  in  the  relaxation  of  the  exciplex 

band.  This  extra  energy  must  be  supplied  by  the  optical 
photon,  resulting  in  a shift  and  broadening  of  the  absorption 

is  a finite  probability  that  no  vibrational  mode  will  be 


which 


involve  an  exchange  of  vibi 


:gy  with  the  ma 


and  (2)  a multiphonon  sideband  on  the  low  energy  side  of  the 
zero-phonon  peak,  consisting  of  transitions  which  are  assisted 
by  exchanging  energy  with  the  phonon  band  of  the  solid.  Since 

mirror  image  of  the  absorption  band  [42] , the  necessary  equa- 
tions can  be  developed  in  terms  of  absorption  processes  and 
later  applied  to  the  emission  process. 

electronic  states  which  are  linearly  coupled  to  a single 

a configuration  coordinate  representing  the  displacements  of 
neighboring  host  particles.  This  model  was  first  considered 
by  Muto  [44],  Huang  and  Rhys  [45],  and  Pekar  [46,47].  Their 
calculations  were  later  formalized  by  Lax  [48]  and  O'Rourke 
[49].  Most  recently  Keil  [50]  has  reviewed  the  linear  coup- 
ling model  both  semiclassically  and  quantum  mechanically  and 
has  extended  the  theoretical  treatment  to  include  quadratic 
coupling  to  lattice  modes.  His  procedure  is  outlined  below 
in  a notation  similar  to  his. 

Linear  coupling. — In  the  simplest  version  of  this  model 
two  nondegenerate  electronic  states,  and  *b,  at  the  defect 
are  assumed  to  couple  linearly  to  a single  normal  coordinate, 
q,  of  the  lattice.  In  the  Born-Oppenheimer  and  Condon  approx- 
imations (the  validity  of  various  approximations  which  are 
commonly  made  in  theoretical  studies  of  optical  absorption 
by  impurity  centers  in  crystals  has  been  examined  by  Lax  [48], 


42 


who  regards  the  adiabatic  approximation  as  "exact11  in  this 
context) , these  electronic  wavefunctions  must  satisfy 

ITe  + 0(r,X)]*i(r,X)  = BjtXH^r.X),  (1.4) 

where  T_  is  the  electronic  kinetic  energy  operator,  r repre- 
sents the  electronic  coordinates,  and  X represents  the  nuclear 
coordinates.  E. (X)  is  the  adiabatic  (Born-Oppenheimer)  po- 
tential in  which  the  nuclei  move  and  is  also  the  energy 
eigenvalue  of  the  adiabatic  Hamiltonian  for  state  i.  U(r,X) 
is  representative  of  all  the  terms  in  the  total  Hamiltonian 
except  for  the  nuclear  and  electronic  kinetic  energies. 

The  nuclear  part  of  the  adiabatic  Hamiltonian  gives 

[Tn  + Ei  <xmiY(X)  = eiY*iy(X),  (1.5) 

where  is  the  nuclear  kinetic  energy  operator,  E^(X)  is  the 
previously  mentioned  nuclear  potential , and  is  the  vibra- 
tional wave  function  for  the  ith  electronic  state  with  vibra- 
tional quantum  number  y and  energy  eigenvalue  £^y> 

The  nuclear  potential  E (X)  for  the  ground  state  may  be 
expanded  in  a Taylor  series  in  the  displacements  of  the 
nuclei  from  their  equilibrium  positions.  After  performing 
a normal-mode  transformation,  the  adiabatic  potential  may  be 
written  as 

Ea(x)  = l | Mi“ia°i  ' (1-6) 

where  is  the  normal  coordinate  and  and  are  the  ef- 
fective mass  and  the  frequency  of  the  ith  normal  mode  respec- 


43 


interest  in  this  problem  lies  in  the  b * a transi- 

and  wavef unctions  for  both  states.  In  general,  the  excited 
state,  b,  will  have  a different  symmetry  and  hence  different 
Qi  from  those  of  the  ground  state.  To  overcome  the  diffi- 
culty of  multidimensional  integrals  in  the  line  shape  equa- 
tions, the  adiabatic  potential  E.  (X)  is  expanded  in  terras  of 


l 


E^  is  the  energy  separation  of  the  potential  curves  at  Q = 0 
(the  value  of  the  normal  coordinate  at  the  minimum  of  the 
ground  state  potential  is  defined  to  be  zero) . 

In  the  approximation  of  linear  coupling  to  a single  lat- 
tice mode  the  summations  in  Eq.  (1.7)  give  only  single  terms, 
and  u>a  = = w.  The  potentials  for  the  ground  and  excited 

states  are  then  given  by 


Eb  = | Mw2q2  + Eab  + Afi(Mu)/fi)1/2q,  (1.8b) 


position  of  the 


The  ide 


)f  reducing  the  impurity 


introduced  by  von  Hippel  [51]  and  Seitz  [52]  for  localized 
impurity  centers  in  solids.  They  considered  the  description 
of  these  centers  on  a configuration  coordinate  scheme,  in 
analogy  with  molecular  physics.  The  potential  energy  of  the 

tial  energy  versus  internuclear  distance  plots  for  the  elec- 

the  ground  and  excited  states  are  confined  to  a region  not 
much  larger  than  the  distance  to  the  nearest  neighbors),  the 

est  neighbors,  and  it  is  likely  that  only  the  radial  motion 
of  nearest  neighbors  would  have  a large  effect  on  the  impurity 
energy.  Of  the  radial  modes  of  the  surrounding  lattice,  the 
in-phase  breathing  mode  of  the  nearest  neighbor  cage  should 
be  the  most  important.  This  argument  indicates  that  the 

mode  and  several  other  minor  vibrations.  Lax  [48]  has,  in 
fact,  shown  that  a description  in  terms  of  one  coordinate  is 
frequently  possible  even  when  many  degrees  of  freedom  are 
really  involved. 

The  solutions  to  Eq.  (1.5)  for  the  ground  state  are 
*aa(q)  °1<l/2K>a/2|1/2expl~  ? P2]«01tP> » (1.9) 
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"h*"  p - W]W,  and  B,(«|  ia  , [!S] . 

The  ground  state  energies  are  given  by 

Ea  = <a  + • (1.10) 

For  the  excited  state,  b,  the  constants  in  the  linear 
part  of  the  potential,  ABw (Mw/fi) 1/2q  „ere  chosen  such  that 
[fi<u(M<i>/fi)1/,2g]2  « Ea  allowing  the  solutions  to  Eq.  (1.5)  for 
the  excited  state  to  be  written  as  a product  of  harmonic  oscil- 
lator wavefunctions  of  the  form: 


* _ ,(Mm/B)1/2  .1/2  , ,1,  , 2 7 

’bBlq'  *“1/2  " B B!'J  «xp[-(j)(p  + A)z)H6(p  + A)2 

(1.11) 

with  energies 

1 ,2 

'TjB  " (B  + 2,fi“  + Eab  “ ~T  *“•  (1.12) 

Following  Lax  [48],  and  invoking  the  Condon  approxima- 
tion, the  normalized  line  shape  function  for  the  transition 
b ♦ a may  be  written  as 


Iab(E)  = Avo  | l<*a<J*bB>|2<i(ebB  " eae  “ E)  <!■«>■ 
where  Av0  is  a thermal  average  over  initial  vibrational  states 
and  I is  a sum  over  the  final  vibrational  states. 

The  overlap  integral  between  displaced  harmonic  oscil- 
lator wavefunctions  is 

Ka(q)Wq)dq  = <*ael*bB>'  (1.14) 

which  has  been  shown  [50]  to  be  given  by 


..15) 


■ «PC=£> (Sr)V!t^5i!'X"“iT>.  11 

where  L™(z)  is  the  Laguerre  polynomial.  For  T = 0"K,  only 
the  ground  vibrational  state  (a  - 0)  is  occupied.  Using 
Vz>  = X'  letting  B = B - a,  and  setting  s = | A2,  the 
normalized  transition  probability  becomes 

WoB  = e *57*  ‘ (1.16) 

The  line  shape  function  defined  by  Eg.  (1.13)  is 

1«b(E)  = J0e  + Eab  - Sfiu  - E)  (1.17) 

and  consists  of  a series  of  evenly  spaced  6 functions  at 
energies 

EB  = *Eab  ~ SK“*  + = E0  + 6*“  (1.18a) 

for  absorption  and 


Eg  = Eo  - Bfiw  (1.18b) 

for  emission,  where  flu  is  the  average  phonon  energy  of  the 
solid  host.  The  line  shape  function  reaches  a maximum  at 
B a S and  declines  for  higher  values  of  B.  The  zero  phonon 
transition  at  EQ  has  the  normalized  probability 


Keil  [50]  has  calculated  the  line  shape  function  for  the 
multiphonon  bands  semiclassically  and  quantum  mechanically 


fwhra  = 2 . 36c 


(1.21) 
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OJ 
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Knowing  that  the  multiphom 
!,  we  have  from  Eg.  (1.18b) 
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whic 


at  265.0 
only  obse 
weakened 


5 the  2p2  3P  * 2s2p  3] 
the  gas  phase.  Thes< 
In  highly  concentratec 
lerably  on  annealing, 

lad  decreased,  and  the 


sak  absorptions  w 


the  Be2  bands  inten- 
iling,  the  Be  atom 


of  atoms  in 


is  that  thee 
the  same  mar 


also  tempting  to  assign  the  doublet  at  216.2  and 
the  2s4d  3D  - 2s2p  3P  transition  which  occurs  at 
the  gas  phase,  a difficulty  with  this  assignment 
se  bands  do  not  appear  to  weaken  on  annealing  in 
>ner  as  the  270.8  and  262.6  nm  bands.  Neither 
out  Be2  or  higher  Be  polymers  as  the  source  of 


these  absorptions. 
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OPTICAL  SPECTROSCOPY  OF  BERYLLIUM  DIMERS 
IN  RARE  GAS  MATRICES 
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/ill  ii 


ie  dimer 


concentration,  but  below  the  condensation  point  vapor  pres- 

is  proportional  to  the  square  of  the  monomer  concentration 
must  also  drop  significantly.  These  observations  suggest  that 
equilibrium  techniques  are  frequently  unsuitable  for  the 
generation  of  van  der  Waals  molecules  and  that  non-equilibrium 
techniques  should  be  investigated. 

molecules  are  produced  by  annealing  a matrix  of  isolated 
monomer  or  by  depositing  the  monomer  at  a rate  which  is 
high  enough  for  dimers  to  be  formed  on  the  matrix  surface 

interactions  with  the  surrounding  matrix  particles  may  be 
comparable  to  the  bond  strengths  of  tne  weakest  van  der  Waals 
molecules  leading  to  significant  structural  differences  be- 
tween the  matrix  isolated  molecule  and  the  molecule  in  the 
gas  phase.  Gcod  results  have  been  obtained  with  the  homo- 

IIA  metals,  Mg2  and  Ca2  have'  been  identified  in  the  gas  phase 
[5,6]  as  well  as  in  rare  gas  matrices  [7,8].  In  this  work  an 
absorption  spectrum  assignable  to  the  Be2  molecule  has  been 
observed  for  the  first  time  and  analyzed  to  give  struc 


and  Obi 


Experiments 

The  experiments  were  the  same  as  for  the  atomic  absorption 
of  beryllium  atoms  in  rare  gas  matrices  and  are  described 
in  Chapter  1.  The  only  change  was  that  higher  Be  concentra- 
tions were  used  in  the  parts  of  the  experiments  involving  the 
dimers.  As  the  concentration  of  Be  in  the  matrix  was  in- 

were  observed  in  neon,  argon,  and  krypton.  Although  the 
range  from  685  to  199  nm  was  scanned,  no  bands  were  seen  at 
wavelengths  longer  than  370  nm. 

observed  in  the  region  from  370  to  320  nm  in  neon  and  argon 
matrices  with  separations  of  about  450  cm-*  between  adjacent 
peaks  (see  Figures  17  and  18).  This  assignment  is  substan- 

aggregate  to  be  seen  upon  annealing  a matrix  doped  with  Be 
atoms;  the  bands  appear  to  exhibit  a single  vibrational 
progression;  no  known  diatomic  molecule  containing  Be  has  a 
vibrational  frequency  as  low  as  500  cm-1;  and  the  work  of 
Brewer  and  Wang  (7)  on  Mg  has  demonstrated  the  formation  of 

matrices.  Since  the  equilibrium  concentration  of  Be2  in  the 
gas  phase  has  been  shown  to  be  negligible  at  these  tempera- 
tures [4],  it  is  assumed  that  the  dimer  is  formed  during  the 
condensation  process  on  the  matrix  surface.  This  mechanism 

on  matrices  and  with  the  observed  annealing 


kryptc 
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Be2  : NEON  4°  K 


WAVELENGTH  (nm) 


jrption  spectrum  of  Be. 


Be2  : ARGON  4°K 


>f  the  differs 


The  spectra  in  krypton  showed  some  weak,  ill-defined  bands 
in  the  region  of  350  nm  when  very  high*  concentrations  of  Be 
were  used  (see  Table  1) , but  it  appears  that  Be2  is  only 
formed  in  krypton  matrices  with  great  difficulty,  even  after 


The  Be2  spectra 

follow  from  the  absen 
longest  wavelength  ba 


to  allow  diffusion  to  occur, 
in  Ne  and  Ar  show  slightly  diffe 
ins.  The  assignments  of  the  (0,C 


ice  of  any  absorptic 


stabilized  only  by  van  der  Waals  inte: 
atoms,  a relatively  large  interatomic 


ions  between  the 
tance  is  implied. 
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TABLE  2 

ABSORPTION  BANDS  OP  A1E+  * J^Z*  of  Be  IN  A 
NEON  MATRIX  AT  4°K 


(0,0)  350.15  ± 0.05  28  551 

(1.0)  344.25  ± 0.05  29  040 

(2.0)  338.7  ± 0.05  29  516 

(3.0)  333.5  ± 0.10  29  976 

(4.0)  328.6  i 0.20  30  423 

(5.0)  323.7  ± 0.40 


489 

476 
460 

477 
460 


30  883 


TABLE  3 


ABSORPTION  BANDS  OF  A1£+  X1E+  of  Be,  IN 
AN  ARGON  MATRIX  AT  4°K 


(0,0)  361.30  ± 0.05  27  670 

(1.0)  355.21  ± 0.05  28  144 

(2.0)  349.41  ± 0.05  28  611 

(3.0)  343.95  ± 0.07  29  066 

(4.0)  338.74  ± 0.07  29  513 

(5.0)  333.8  ± 0.10  29  949 

(6.0)  328.9  ± 0.10  30  386 


474 

467 


447 

436 
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TABLE  4 


the  difficulty 


producing 


]2s)z(7iu2p) 


68 

V)  KK(0  2s)(o 2s)2(0  2p)  V,  3I+  . 

9 u g 9 9 


The  (ou2s>  orbital  is  antibonding  and 

the  <og2s>,  (cg2p> 

and  (TTu2p)  orbitals  are  bonding.  The  lowes- 

t state,  given  by 

configuration  i) , has  an  equal  number  of  boi 

iding  and  anti- 

bonding  electrons  and  is  predicted  to  be  re) 

pulsive  by  simple 

molecular  orbital  theory.  In  fact,  this  sti 

ste  has  been 

predicted  to  be  repulsive  by  every  theoreti< 

:al  calculation 

made  and  published  for  the  Be2  molecule  [11- 

-15] . Molecular 

orbital  calculations,  while  useful  in  predic 

:ting  the  proper- 

ties  of  conventional  chemical  bonding  forces 

: at  small  inter- 

nuclear  distances,  have  been  for  the  most  part  unsuccessful 
in  determining  the  effects  of  weak,  long-range  van  der  Waals 


forces.  As  a result  of  these  weak  attractiv 

'e  forces,  the 

1£*  state  arising  from  configuration  i)  may 

be  expected  to 

have  a shallow  potential  well  similar  to  Mg2 

, [5]  and  Ca2  [6] 

which  have  been  previously  shown  to  be  bound 

1 in  their  ground 

states.  At  the  low  temperature  of  these  exp 

eriments,  it  is 

fair  to  assume  that  only  the  ground  state  of 

this  molecule 

is  significantly  populated  and  that  the  obse 

rved  transition 

originates  from  this  X1!*  electror 


It  is  difficult  to  predict  whether  conf 

iguration  ii) 

or  iii)  lies  lower  in  energy,  but  of  the  ele 

ctronic  states 

formed  from  these  configurations  only  the  *1 

+ can  combine 

strongly  with  the  ground  state.  Of  the  rema 

ining  higher 

energy  configurations  only  the  1n  state  der 

ived  from  con- 

figuration  iv)  should  combine  strongly  with 

the  ground  state. 
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In  Mg2  the  gas  phase  spectrum  has  been  observed  and  analyzed 
by  Balfour  and  Douglas  [5].  There  the  A1!*  <-  x1E+  transition 
occurs  at  26  150  cm-1.  The  transition  to  the  A state  of  Mg, 
has  been  observed  by  Brewer  and  Wang  [7]  in  Kr  (and  Xe) 
matrices  where  it  presents  a broad,  symmetric  Franck-Condon 
envelope  extending  from  396  nm  (25  230  cm-1)  to  374  nm 
(26  740  cm-1)  so  that,  as  those  authors  point  out,  an  un- 
ambiguous assignment  of  the  (0,0)  transition  cannot  be  made 
without  further  experimental  evidence. 

Another  similar  molecule  in  which  the  1E*  state  has 
been  definitely  assigned  as  the  A state  is  Ca2.  Balfour  and 
Whitlock  [6]  have  studied  this  molecule  in  the  gas  phase 
where  the  A * X transition  occurs  at  19  401  cm~*.  Francis 
and  Webber  [8]  have  made  a tentative  assignment  to  a transi- 
tion seen  at  18  002  cm  * in  krypton  matrices  doped  with  Ca 
as  being  the  A X transition  of  the  Ca2  molecule.  Hence 
the  position  of  the  observed  Be2  system  is  in  agreement  with 
an  expected  shift  to  higher  energies  for  this  transition  as 
the  metal  diatomic  becomes  lighter.  However,  the  calculations 
of  Bender  and  Davidson  (15)  do  not  appear  to  support  this 

observed  system  of  Be,  to  the  - x1l+  transition  where 
i u g 

the  upper  state  formally  results  from  the  (og2s)  (vu2p)  ♦ (og2s)2 
excitation.  This  is  because  those  authors  find  the  1n  and 
■*„  states  to  lie  about  27  000  and  36  000  cm-1  above  the 
ground  state,  respectively.  However,  it  has  been  suggested 
by  Balfour  and  Douglas  that  bands  in  the  Mg2  spectrum  at  about 
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36  000  cm-1  arise  from  a transition  to  the  1nu  state,  so  that 
there,  as  expected  from  orbital  energy  considerations,  the 
XHU  state  would  lie  considerably  higher  than  the  1£+. 

cates  that  the  disagreement  might  not  be  as  great  as  the  cal- 
culated values  [15]  indicate  since  the  accuracy  of  the  energy- 
level  computation  is  considered  to  be  about  ± 1 eV.  Also, 
the  1nu  state  is  found  by  them  to  contain  a large  amount  of 
the  (og2p) (vu2p)  configuration  in  which  case  the  lKu  «-  X1E+ 
transition  would  involve  a two  electron  transition  and  there- 
fore be  weak.  They  expect  interatomic  distances  to  be  cal- 
culated well  by  their  model  and  the  distance  in  the  1llu  state 
(about  3.5  aQ)  is  considerably  shorter  than  in  the  l states 
(about  4.5  aQ)  indicating  that  the  1llu  <-  X1^  transition  would 
be  further  weakened  by  the  Pranck-Condon  effect.  It  is  then 
expected,  from  this  and  other  approximate  calculations  [17] 
that  the  *£*  ♦ x*Eg  transition  would  be  the  most  intense. 

Since  there  is  only  one  molecular  transition  observed  in 
matrices  and  there  is  no  basic  disagreement  with  Bender  and 
Davidson's  calculation,  we  assign  our  observed  systems  to 


2 formed  by  the 


the  XP  state  are  given  by  the  singlet  terms  of  configurations 
(ii)-(v)  listed  above. 


Consequently,  the 
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Figure  19.  A schematic  diagram  of  the  potential  energy 

curves  for  low  lying  states  of  the  Be2  molecule. 
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separations  of  its  vibrational  levels.  Namely, 


“o  " (G3/2  ' Gl/2(  + (G5/2  " G3/2)  + • • • 
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Figure  20  shows  an  application  of  the  linear  Birge- 
Sponer  extrapolation  to  the  1£*  excited  state  of  Be2.  The 
data  points  are  taken  from  Table  3 and  are  the  vibrational 

under  curve  (c)  is  the  linearly  extrapolated  value  of  D' 
and  is  calculated  to  be 

= 1/2(48.6  x 485  cm-1)  = 11,800  cm-1  . 

Curve  (b)  represents  a typical  real  plot  of  iGv.+jy2  versus 
v'  showing  negative  curvature  away  from  the  linear  extrapola- 
tion and  having  an  enclosed  area  of  about  9000  cm*1.  Curve 
(a)  is  as  obtained  by  truncating  the  AGvi+Jy2  series  at  the 
last  observed  absorption  and  gives  a lower  limit  to  D'  of 
2716  cm  When  the  data  for  Be2  in  neon  matrices  are  treated 
similarly,  the  linear  plot  yields  a value  of  8800  cm'1  for 

The  values  of  obtained  from  the  Birge-Sponer  plot  are 
seen  to  be  considerably  lower  than  the  values  calculated 
previously  from  the  atomic  dissociation  limit.  A similar 
treatment  of  Brewer  and  Wang's  Mg2  data  [7]  yields  D'  = 5100 
cm-1  compared  with  the  value  of  9311  cm'1  determined  from  the 
gas  phase  spectrum  by  Balfour  and  Douglas  [5) . It  appears 
that  the  anharmonicity  must  be  excessively  large  in  the  ob- 
served lower  vibrational  levels  when  these  van  der  Waals 
molecules  are  trapped  in  matrices,  so  that  one  obtains  low 
dissociation  energies  when  the  observed  vibrational  energy 
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in  the  lower  vibrational  levels  may 
be  explained  by  the  long-rang,  attractive  van  der  Waal's 
forces  [10]  of  the  atoms  in  the  matrix  cage  for  the  atoms 
in  the  Be2  molecule.  This  would  explain  the  broadening  of 
the  potential  curve  at  low  values  of  v’ . This  explanation 
requires  a compensatory  steepening  of  the  potential  curve 
at  higher  values  of  v'  for  the  trapped  molecule  to  exhibit 
the  required  XP  + 1S  dissociation  limit.  Kaufman  [201  has 
recently  published  a set  of  ab  initio  LCAO-MO-SCF  calculations 
on  the  ground  state  interactions  for  the  Be-Ne  and  Be-Ar 
systems.  Although  her  results  fail  to  detect  a potential 
minimum  for  either  system,  both  potential  curves  show  sharp 
increases  in  repulsive  energy  at  distances  smaller  than  7.0 
Bohrs  (3.7  A)  which  could  account  for  an  increasing  slope 
in  the  Be-Be  potential  at  higher  rBe_Be  values. 

Further  support  for  this  explanation  is  given  by  the 
work  of  Schnepp  and  Dressier  [21,22]  who  studied  the 
£u  + transition  of  the  oxygen  molecule  isolated  in  argon 
and  nitrogen  matrices.  In  both  matrices  the  3s“  potential 
curve  was  found  to  be  steeper  for  the  perturbed  oxygen  mole- 
cule than  for  the  free  molecule  at  higher  values  of  v' . A 
similar  result  was  found  by  Brewer  and  Brabson  [23] , who 
studied  the  same  transition  of  the  S2  molecule  in  nitrogen 

' The  vibrational  problem  for  diatomic  molecules  can  be 
approximated  by  the  well-known  harmonic  oscillator  model, 
whose  vibrational  frequencies  are  given  by  the  relation 


VC  = <l/2ir)(k/p)1/2 

where  v is  the  vibrational  energy  in  cm-1,  o is  the  speed 
of  light  (3.0  x 1010  cm/sec),  k is  the  harmonic  force  con- 
stant, and  h is  the  reduced  mass  given  for  diatomic  AB  by 


Solving  for  k gives 

k = (c5)2(2„)2p 

which  yields  k = 0.600  mdyne/A  for  Be,  in  argon  matrices. 
Harmonic  force  constants  were  also  calculated  for  Mg2  and 
Ca2  using  the  gas  phase  data  [5, 6).  The  results  of  these 
calculations  appear  in  Table  5 which  summarizes  the  Be2 
data  and  compares  the  spectroscopic  results  for  Be2  with 
the  other  known  Group  XIa  diatomic  molecules  Mg2  and  Ca2- 
It  is  apparent  from  the  vibrational  force  constants  for  the 
ground  and  excited  states  that  a stronger  bond  in  the  upper 
state  arises  from  the  promotion  of  an  electron  from  a for- 
mally anti-bonding  orbital  in  the  ground  state  to  a formally 

Using  the  harmonic  force  constant  of  0.600  mdyne/A 
for  the  Be 2 molecule,  it  is  possible  to  calculate  the  Be-Be 
intemuclear  distance,  in  the  excited  state,  r , by  making 
use  of  the  approximation  known  as  "Badger's  rule,"  [24,25] 
which  states 

ke(re  “ dij>3  “ c” 


where  d±j  is  a constant  that  varies  with  the  type  of  atoms 
in  the  molecule.  If  both  atoms  are  in  the  first  row  of  the 
periodic  chart,  di;j  = 0.68  A,  and  if  both  atoms  are  in  the 
second  row,  di;j  = 1.25  A.  C"  may  be  taken  as  a constant 
for  all  molecules  and  is  equal  to  1.86  when  ke  is  expressed 

This  approximation  gives  rfi  for  Be.,  as  2.14  A (4.04  Bohrs) . 
Since  the  spectra  indicate  that  r for  the  A state  is  nearly 
equal  to  rfi  for  the  X1!*  state,  then  2.14  A is  probably  a 
good  approximation  to  rg  in  the  ground  state  of  Be2  also. 

This  result  compares  favorably  with  Bender  and  Davidson's 
calculation  [15],  r0  £ 4.5  Bohrs,  where  the  potentials  were 
computed  at  0.5  Bohr  intervals.  Another  check  on  Badger's 
approximation  for  re  was  performed  using  the  calculated  force 
constant  for  Mg2  (from  Table  5).  The  resulting  r value 
was  3.18  A,  which  is  very  close  to  the  experimentally  deter- 
mined value  of  3.082  A [5].  Evidently  this  approximation 
works  quite  well  even  for  molecular  state  having  only  0.5  net 
bonds  per  molecule,  such  as  the  Group  IIA  metal  dimers  con- 


with  re  = 2.14  A and  a vibrational  force  constant  of  0.6 
mdyne/A.  The  observation  that  Be2  can  be  formed  by  annealing 
a matrix  doped  with  Be  atoms  is  in  agreement  with  diffusion 
experiments  with  lithium  in  rare  gas  matrices  [26]  and 


High  in- 


energy curve  for  a pair  of  Be  atoms. 

Further  work  which  might  be  worthwhile 
would  include  a fluorescence  experiment  in 
tensity  tuneable  light  source  could  be  centered  on  a parti- 
cular vibrational  band  or  group  of  bands  while  the  matrix 
is  scanned  for  fluorescent  emission  at  lower  energies  in 
hopes  of  observing  vibrational  structure  in  transitions  to 
the  loosely  bound  ground  state.  In  this  way  the  depth  of 
the  attractive  potential  well  in  the  ground  state  could  be 
measured. 

The  present  experiments  have  also  pointed  to  the  need 
for  new,  more  accurate  ab  initio  calculations  for  the  Be, 
molecule.  State-of-the-art  calculations  for  this  8-electron 
molecule  would  help  in  the  assignment  of  the  excited  states 
and  should  prove  to  be  theoretically  rewarding  in  the  study 
of  van  der  Waals  interactions  by  providing  a model  which 
is  amenable  to  study  both  experimentally  and  theoretically. 
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CHAPTER  HI 


SPECTROSCOPY  OF  MOLYBDENUM  AND  MOLYBDENUM  OXIDES 
IN  RARE  GAS  MATRICES 

Introduction 

The  study  of  the  reactivity  of  metals  at  high  temperatures 
in  oxidizing  atmospheres  is  especially  important  to  the  science 
of  materials  research  and  development,  and  of  particular 
interest  are  the  properties  of  the  so-called  refractory  metals 
Nb,  Mo,  Ta  and  W which  have  melting  points  above  2400°C  and 
are  the  most  useful  metals  for  high  temperature  service. 

These  metals  have  the  property  that  at  high  temperatures  they 
form  volatile  oxides  which  have  widely  varying  melting  points. 
Table  6 contains  a summary  of  the  melting  points  and  boiling 
points  of  these  refractory  metals  and  the  melting  points  of 
their  most  commonly  formed  oxides  along  with  the  temperatures 
at  which  oxide  volatility  is  first  observed  and  at  which 
complete  volatility  is  observed.  Gulbransen  [1J  has  shown 
that  the  temperature  for  complete  volatilization  of  the  oxide 
and  the  melting  point  of  the  oxide  determine  the  nature  of 
the  oxidation  processes  for  these  materials,  low  melting 
point  and  high  volatility  for  the  oxide  indicating  poor  resis- 
tance to  oxidation  for  the  metal. 
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The  atlas  of  Gatterer,  Junkes,  and  Salpeter  [7]  lists  16 
band  heads  assigned  to  MoO  in  the  region  576-880  nm.  Howard 
and  Conway  [8)  using  a plasma  jet  source  proved  by  isotopic 
substitution  with  that  11  of  the  16  bands  assigned  to  MoO 
by  Gatterer  et  al.  were  due  to  molecules  of  the  empirical 

not  been  assigned  to  specific  structural  formulas  but  are 
definitely  due  to  oxides  of  Mo  along  with  bands  at  650.9 
and  644.5  nm,  according  to  Howard  and  Conway  [8]. 

Fortunately,  the  body  of  available  spectral  data  in  the 
infrared  region  is.  in  better  shape  than  that  in  the  ultra- 
violet and  visible  portions  of  the  spectrum.  The  gas  phase 
infrared  spectrum  of  the  vapors  over  solid  MoCj  at  high  tempera- 
tures has  been  reported  by  Iorns  and  Stafford  [91  to  exhibit 
absorption  features  at  969  and  815  cm-1  which  they  assigned 
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different  molybdenum  oxides  and  the  high  temperature,  low 
pressure  reactions  of  Mo  with  Oj.  The  mass  spectrum  of  the 
vapor  over  Mo03  [16J  showed  the  most  abundant  species  to  be 
MO3O9,  Mo4012,  and  Mo5015  with  relative  intensities  ratios 
of  1.0:0. 33:0. OS,  respectively,  at  a temperature  of  850°K. 

The  vaporization  of  solid  Mo02  [17]  has  been  shown  to  produce 
Mo03  as  the  most  abundant  gas  phase  molecule,  followed  in 
abundance  by  (Mo03>2,  MoO.,,  and  (Mo03)3  over  a range  of 
temperatures  from  1470-178S°K.  When  a stream  of  molecular 
oxygen  is  passed  over  the  surface  of  hot  Mo  metal  the  major 
products  which  are  formed  are  MoOj  and  Mo03  [18]  with  the 
relative  abundances  changing  with  the  temperature  of  the  metal 
surface  and  with  the  oxygen  pressure.  The  only  reported  mass- 
spectrometric  observation  of  MoO  [19,20]  came  from  experiments 
in  which  Mo  metal  was  heated  in  an  A1203  crucible  to  tempera- 
tures above  2170“K,  where  the  Mo  oxides  were  found  in  order 
of  abundance  Mo02  > MoO  > Mo03«  This  system,  however,  is  not 

Al,  0,  A120,  and  A10  are  1 to  3 orders  of  magnitude  greater 
than  those  of  the  oxides  of  molybdenum  under  those  conditions. 
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were  used  without  further  purification  other  than  passage 
through  a copper  coil  immersed  in  liquid  nitrogen  to  freeze 
out  any  condensable  impurities.  The  molybdenum  metal  (99.9+*) 
was  purchased  from  General  Electric.  High  purity  oxygen 
(99.998%)  was  purchased  from  Airco,  and  91  percent  enriched 
18„ 

02  was  purchased  from  Miles  Yeda  Laboratories  to  be  used 
for  isotopic  substitution. 

The  molybdenum  oxides  were  produced  in  the  apparatus 
shown  in  Figure  21.  The  molybdenum  cells  were  made  from 
1/8  inch  o.d.  tubing  with  a wall  thickness  of  0.020  inch  and 

with  a carborundum  disc.  The  ends  of  the  cells  were  ground 
to  a slight  taper  to  assure  a tight  fit  into  the  holes  in 
the  Mo  rods  which  served  as  the  endcaps  and  electrical  con- 
tacts for  the  cells.  These  rods  were  shrink  fitted  into 
holes  in  the  copper  blocks  to  give  good  thermal  and  electrical 


connections  and  to  prevent  Oj  leakage.  One  of  the  Mo  supports 
was  drilled  out  and  used  as  the  02  inlet  to  the  hot  cell.  The 
02  gas  was  leaked  into  one  end  of  the  Mo  cell  from  a 30  .cubic 


to  step  the  pressure  down  to  about  2 psig  and  a needle  valve 
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Figure  21.  Appe 


oxide 
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was  used  to  control  the  flow  rate  of  gas  through  the  cell. 
Under  operating  conditions  the  cells  were  typically  heated 
to  temperatures  between  1700  and  2300»C,  and  the  02  flow  was 
controlled  so  that  the  pressure  inside  the  furnace  chamber 
could  be  varied  from  2 x 10-6  torr  to  5 x 10-5  torr  with  a 
typical  background  pressure  being  2 x 10-6  torr  with  the 
cell  at  2200 °C. 

The  cells  were  resistively  heated  by  passing  currents 
of  several  hundred  amperes  through  them,  and  the  surface 
temperature  was  monitored  with  a Leeds  and  Northrup  optical 
pyrometer.  All  temperatures  reported  in  this  paper  have  been 
corrected  for  the  nonideality  of  molybdenum  as  a black  body 
emitter  using  the  data  of  Worthing  [22]  as  reported  in  the 
book  by  Espe  [23]  and  are  probably  within  25°  of  the  true 
temperature  of  the  cell. 

Experiments  were  also  performed  in  which  solid  Mo03  (Spex 
Industries,  99.99+»)  was  vaporised  from  a tantalum  cell  at 
temperatures  ranging  from  600-800°C  with  the  products  trapped 
in  Ar  and  Ne  matrices.  The  cell  temperature  was  monitored 
with  a chromel  versus  alumel  thermocouple  which  was  strapped 
to  the  hot  cell  with  tantalum  wire.  The  thermocouple  output 
was  measured  using  a Leeds  and  Northrup  volt  potentiometer. 
These  experiments  were  done  to  confirm  the  Ar  matrix  results 
of  Mal'tsev  et  al.  [11]  and  to  obtain  higher  resolution  infra- 
red spectra  of  the  matrices  than  those  reported  in  the  previous 
work  [11], 

Absorption  spectra  were  recorded  from  1200  nm  to  199 
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vaporized  from  hot  Mo03(s)  and  trapped  in  an 
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absorption  features  in  neon  matrices . —The  absorption 

800-245  nm  with  the  exception  of  one  experiment  in  which  the 
Csl  target  and  windows  were  replaced  with  CaP2  optics  where 
the  ultraviolet  range  was  extended  to  190  nm.  When  samples 
were  deposited  with  the  Mo  cell  at  temperatures  above  2000 »C, 
the  strongest  absorptions  which  were  seen  were  assignable  as 
Mo  atomic  transitions.  Figure  24  shows  the  ultraviolet  spec- 
trum of  a matrix  deposited  from  a Mo  cell  at  2125<>C.  The 
prominent  features  are  the  strong  triplet  at  about  305  nm 
and  the  single  band  at  359.3  nm.  The  features  at  303.0, 
305.5,  and  307.4  nm  are  attributed  to  the  transitions  from 
the  atomic  ground  state  (Ar)4d^5s  7Sj  to  the  excited  levels 
y p4<  y p3<  and  y7p2>  respectively.  The  lone  band  at  359.3 
nm  is  the  third  member  of  the  triplet  shown  in  Figure  25. 
These  absorptions  occur  at  371.5,  366.5,  and  359.2  nm  and  are 
assigned  as  transitions  to  the  z7P2,  z7P3,  and  z7P4  atomic 
states,  in  that  order. 

Neon  matrices  which  had  infrared  absorptions  in  the  Mo- 
oxygen  stretching  region  (1000-800  cm-1)  also  exhibited  a 
variety  of  absorption  features  in  the  ultraviolet  region  of 
the  spectrum.  The  bands  attributed  to  molybdenum  oxides  were 
extremely  weak  absorbers  in  the  UV-visible  region  as  was  the 
case  in  argon,  and  the  multitude  of  different  oxides  which 
is  formed  (see  infrared  analysis)  precludes  the  assignment 
of  these  feeble  absorptions  to  specific  oxides  of  Mo.  The 
only  strong  oxide  bands  which  were  observed  were  found  in  the 
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Figure  26. 


Far  ultraviolet  absorption  spectrum  of  a Ne 
matrix  containing  Mo  oxides.  The  absorption 
peaks  are  at  212.0,  229.5,  and  243  nm. 
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Par  ultraviolet  absorption  spectrum  of  a Ne 
matrix  containing  Mo  oxides — expanded  scale. 


Figure  27. 
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TABLE  8 


ULTRAVIOLET  ABSORPTIONS  IN  NEON  MATRICES 


371.5  26  910 

366.5  27  277 

359.2  27  831 

344.0  29  061 

332.9  30  030 

307.4  32  521 

305.5  32  723 

303.0  32  994 

284.5  35  139 

282.6  35  375 

271.5  36  822 

243.7  41  022 

229.7  43  522 

212.0  47  154 


25  614 

25  872 

26  321 


31  300 
31  533 
31  913 

33  955 


1 190 
1 081 
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a high  concentration  of  Mo  atoms,  are  analogous  to  absorption: 
reported  by  Green  and  Gruen  115]  in  annealed  Ar  and  Kr  ma- 
trices, of  which  the  ultraviolet  bands  were  tentatively  as- 
signed as  Mo  dimers  with  AG'  = 340  cm-1  in  the  excited  state 
in  the  Kr  matrix.  The  bands  recorded  in  this  work  in  solid 
Ne  appear  to  show  a more  well-defined  vibrational  progression 
than  the  3 observed  bands  in  Kr,  but  the  larger  value  of  AG' 
and  the  variation  in  spacing  between  adjacent  bands  (see 
Table  9)  cast  some  doubt  on  the  assignment  of  these  peaks  as 
dimers,  and  it  is  possible  that  they  are  not  assignable  to 
the  same  absorbing  species  as  those  bands  reported  by  Green 
and  Gruen  [15]  but  may  be  due  to  several  different  polymeric 


with  the  previously  published  spectra  in  Xe,  Kr,  and  Ar  [15] 
reveals  an  anomalous  frequency  shift  for  the  Ne  spectra  with 
respect  to  the  other  matrix  spectra.  Although  the  signs  and 
magnitudes  of  the  frequency  shifts  relative  to  the  gas  phase 
are  difficult  to  predict,  it  is  usually  found  for  the  series 
of  rare  gases  that  the  transition  energies  for  a particular 
atomic  solute  fall  in  the  order  Ne  > Ar  > Kr  > Xe  as  predicted 
by  the  Lennard-Jones  potential  model  put  forth  by  Robinson  [25] . 
However,  in  the  case  of  Mo  atoms  it  was  observed  that  the  Mo 
transition  energies  in  the  series  of  rare  gases  appeared  in 
the  order  Ar  > Kr  > Ne  > Xe  > gas.  A similar  phenomenon  was 
noted  by  Brewer,  Meyer,  and  Brabson  [26]  in  their  study  of 
Hg  atoms,  where  the  Ne  transition  energies  were  observed  to 
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ABSORPTIONS  OF  Mo  POLYMERS  IN  NEON  MATRICES 


(v^,0)a  343.7  ± 0.3 
(v^l.O)  338.3  *0.3 
(v^+2,0)  332.3  * 0.2 
(vM-3,0)  324.7  t 0.2 
(vo+4'0)  318.1  ± 0.1 


29  087  ± 26 

29  560  1 26 

30  085  ± 17 

30  789  ± 18 

31  428  i 9 


473 


639 


B.  Other  Polymer  Absorptions 
Mnm)  5 (cm-1) 


19  556  t 4 
19  492  ± 8 
19  133  t 19 
18  859  ± 35 


511.2  ± 0.1 
512.9  * 0.2 
522.5  i 0.5 
530.1  ± 1.0 
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lie  between  those  for  Ar  and  Kr  matrices.  That  case  was  ex- 
plained by  the  assumption  that  only  in  Ne  matrices  did  the 
impurity  atom  fail  to  occupy  a substitutional  lattice  site, 
thus  invalidating  the  Robinson  theory  which  assumes  a 12 
nearest  neighbor  lattice  site  for  the  impurity.  Although 
more  recent  discussions  have  suggested  that  the  trapping  of 
an  impurity  atom  in  a substitutional  site  is  a highly  improb- 
able occurrence  [27],  and  that  in  fact  most  impurities  are 
trapped  in  sites  having  one  or  more  vacancies  in  the  nearest 
neighbor  shell  [28,29],  it  does  appear  that  there  is  a speci- 
fic interaction  in  the  Ne  host,  which  is  different  in  the 

tions  to  lower  energies  than  those  predicted  by  the  Robinson 
model.  McCarty  [30]  has  recently  shown  that  the  correlation 
of  the  gross  shifts  in  the  spectrum  of  Hg  in  solid  rare  gases 
is  greatly  improved  when  the  distortion  of  the  rare  gas 
lattice  by  the  solute  particle  is  taken  into  account.  The 
characterization  and  explanation  of  this  phenomenon  depend 
on  the  extension  of  Ne  matrix  isolation  to  a larger  number 
of  systems,  many  of  which  have  been  previously  examined  only 
in  Ar  and  Kr  matrices. 

Of  the  absorption  features  which  have  been  observed  in 
the  ultraviolet  and  visible  regions,  those  strong  absorptions 
assigned  to  Mo  atomic  transitions  have  been  shown  to  corre- 
late reasonably  well  with  transitions  from  the  a7S  ground  state 
observed  in  the  gas  phase  [24]  and  in  other  rare  gas  matrices 
[14,15].  Those  bands  which  have  been  assigned  as  Mo  oxide 


sption  of  those  below  250 
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extremely  weak,  even  in  matrices  showing  intense  Mo  oxide  bands 
in  the  infrared;  and  since  there  are  no  identifiable  or  obvious 
vibrational  progressions,  identification  of  these  bands,  even 
as  oxide  molecules  is  very  difficult.  Therefore  the  assign- 
ments of  these  weak  features  to  molybdenum  oxides  are  very 
tentative . 

Infrared  Spectra 

Depending  on  the  specific  vaporization  conditions  it 


should  be  possible  to  observe  the  infrared  absorption  spectra 
of  all  the  molybdenum  oxides  which  have  been  mentioned; 


as  the  principal  species  in  decreasing  order  of  abundance  [16]. 
When  02  is  passed  over  a hot  Mo  surface  the  major  products 
should  be  Mo02  and  Mo03  (181,  and  if  there  is  some  solid  Mo02 
present  (Mo03>2  may  also  be  formed  [17]. 

Vaporization  of  Mo03(s). — The  infrared  spectra  of  the 
matrix  isolated  products  formed  when  MoOjfs)  was  vaporized  from 
a Ta  cell  at  temperatures  near  700°C  are  shown  in  Figures 
30  and  31  for  Ar  and  Ne  matrices,  respectively.  The  line  po- 
sitions in  Ar  and  Ne  are  listed  in  Tables  10  and  11  along  with 
the  relative  intensities  and  half  widths  of  the  absorption 
bands.  It  is  immediately  obvious  that  the  neon  spectra  are 
sharper  and  exhibit  more  structure  than  the  argon  spectra. 

This  effect  was  observed  in  all  the  experiments  on  Mo  oxides 
reported  in  this  work,  and  the  main  reason  that  Ne  matrices 
were  employed  was  that  greater  spectral  resolution  was  obtainable 
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frequency,  (cm) 
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TABLE  10 


MAJOR  INFRARED  ABSORPTIONS  OBSERVED 
VAPORIZED  FROM  HOT  MoOjls)  AND  TRAPPED 


FOR  THE  SPECIES 
IN  ARGON  MATRICES 


987.0 

974.4 

878.1 
862.8 

852.6 

835.4 

513.7 


0.27 

0.59 

0.27 

shouldei 

0.88 

1.00 

0.14 


14.5 
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MAJOR  INFRARED 
VAPORIZED  FROM  HO 

ABSORPTIONS  OBSERVED 
MoO-j  (s)  AND  TRAPPED 

FOR  THE  SPECIES 
IN  NEON  MATRICES 

’i-1' 

Relative  Intensity 

Half  Wjdth 

991.5 

shoulder 

2.6 

989.8 

0.21 

5.3 

977.6 

0.31 

973.3 

shoulder 

971.0 

shoulder 

969.7 

shoulder 

896.2 

0.20 

5.2 

884.0 

0.58 

6.3 

865.9 

0.28 

4.2 

863.5 

858.4 

1.00 

3.8 

852.7 

shoulder 

840.1 

0.77 

3.3 

514.1 

0.12 

6.0 
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Figure  32. 


Ring  structure  of  the  metal  oxide  molecu 
(mo3) 3 > where  M is  Molybdenum  or  Tungsten. 
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TABLE  12 


NATURAL  OCCURRING  STABLE  ISOTOPES  C 


97Mo 


100, 


15.84 

9.04 

15.72 

16.53 

9.46 

23.78 


(miSTi  32] 
91.9063 
93.9047 

94.9046 

95.9046 
96.9058 
97.9055 


99.9076 
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recognizable  by  their  characteristic  Mo  isotope  distributions. 

The  absorption  band  near  925  cm-1  in  Ne  shows  an  extremely 
reproducible  fine  structure  which  is  interpreted  as  being 
the  normal  Mo  isotope  structure  rather  than  the  frequently 
observed  matrix  splitting  effect.  This  conclusion  is  based 
on  the  following  reasons.  First,  the  fine  structure  could 
be  reproduced  over  a wide  range  of  matrix  concentrations  and 
source  temperatures;  and  second,  the  observed  splitting  pat- 
tern and  intensity  ratios  agree  with  the  known  isotopic 
distribution  in  natural  Mo. 

A mass  spectrometric  investigation  of  the  oxidation  of 
Mo  surfaces  in  this  temperature  range  [18]  has  shown  MoOj 
and  MoOj  to  be  the  most  important  volatile  oxides  formed. 
However,  in  the  presence  of  any  solid  oxide  the  distribution 
of  volatile  products  is  shifted  in  favor  of  the  higher 
polymers,  with  the  order  of  abundance  being:  Mo03  > (Mo03>2 

> MoOj  > (Mo03>3  [17 J.  It  was  observed  in  the  present  work 
that  at  the  ends  of  the  Mo  cells,  where  they  were  attached  to 
the  cooled  Mo  electrodes,  some  solid  oxide  could  always  be 
found.  So,  on  the  basis  of  these  facts  and  the  high  tempera- 
ture experiments  reported  in  the  next  section,  the  structured 
absorption  near  925  cm-1  in  Ne  (915  cm-1  in  Ar)  is  assigned 
to  the  Mo03  molecule.  The  group  of  3 related  absorptions 
mentioned  above  is  tentatively  attributed  to  the  (Mo03)2 
dimer  on  the  basis  of  the  above  arguments  and  the  fact  that 
those  frequencies  were  not  observed  in  matrices  known  to  con- 
tain the  trimer,  (Mo03>3,  and  higher  polymers  vaporized  from 
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Oxidation  of  Mo  (1900-2200°C)  . — When  the  Mo  cell  was 
heated  to  temperatures  in  the  neighborhood  of  2100 °C  the 
absorption  spectrum  was  observed  to  change  once  again  as 
the  distribution  of  volatile  oxide  products  was  shifted 
toward  a mixture  consisting  of  only  the  monomers,  MOO,  and 
MoOj.  By  varying  the  cell  temperature  and  oxygen  flow  it 
was  possible  to  produce  matrices  with  varying  ratios  of  Mo02: 
MoOj.  Typical  spectra  of  deposits  made  from  Mo  cells  at 
temperatures  near  2100°C  are  shown  in  Figures  35  and  36  for 
Ar  and  Ne  matrices.  The  new  features  which  appear  near  900 
cm-1  in  Ne  and  885  cm'1  in  Ar  can  be  seen  to  exhibit  a resolv- 
able fine  structure  which  is  recognizable  in  the  Ne  spectrum 
as  the  Mo  isotope  structure  mentioned  previously.  A high 
resolution  scan  of  these  features  (see  Figure  37)  clearly 
reveals  the  Mo  isotope  pattern,  indicating  the  presence  of  a 
single  Mo  atom  in  the  molecule.  The  frequencies  and  isotopic 
splittings  for  these  absorption  systems  are  listed  in  Table 
13.  On  the  basis  of  the  mass  spectrum  analysis  referred  to 
previously  [18],  the  observed  dependence  of  the  absorption 
spectrum  on  the  deposition  temperature,  and  180  isotopic 
substitution  results  to  be  presented  below,  the  new  features 
near  900  cm'1  and  885  cm'1  in  Ne  and  Ar  are  assigned  to  the 
Mo02  molecule. 

A more  detailed  analysis  of  these  high  temperature 
Ne  which  appear  in  the  entire  series  of  high  temperature 
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TABLE  13 

ISOTOPIC  FREQUENCIES  FOR  Mo  OXIDES  IN  Ne  MATRICES 


130 


TABLE  13 


(continued) 


0.9551 

0.9551 

0.9546 

0.9546 

0.9536 
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132 


134 


135 


and  reexamined  spectroscopically.  No  new  features  were  noted 
in  the  near  infrared,  visible,  or  ultraviolet  regions,  but 
the  strong  Mo  atom  absorptions  which  were  present  before 
the  photolysis  were  completely  destroyed  by  exposure  to  the 
H2  lamp  radiation.  In  the  infrared,  however,  several  new 
absorption  bands  appeared  below  2000  cm'1.  Figure  39  shows 
the  new  features  which  were  observed.  The  strong  band  near 
1040  cm  1 was  examined  under  higher  resolution  to  determine 
the  nature  of  the  fine  structure  seen  in  Figure  39.  Figure 
40  is  the  resulting  expansion  of  the  1040  cm'1  peak,  which 
was  resolved  into  4 absorptions  at  1042.6,  1039.7,  1038.1, 
and  1036.9  cm  1.  It  is  obvious  that  the  observed  fine  struc- 
ture does  not  correspond  to  the  previously  discussed  Mo  iso- 

The  most  intense  absorption  of  the  1040  cm”1  system  oc- 

frequency  of  the  03  molecule.  This  vibration  is  seen  in  the 
gas  phase  at  1042.1  cm  1 [341.  Brewer  and  Wang  have  reported 

doublet  between  1025  and  1030  cm'1  in  Xe  matrices  [35] . 

Andrews  and  Spiker  have  observed  the  ozone  molecule  in  Ar 
matrices  at  16 °K  where  they  found  the  v3  vibration  to  occur 
at  1039.6  cm'1  with  a shoulder  at  1033.5  cm'1  [361.  The 
absorption  at  702.1  cm  1 corresponds  to  the  vibration  which 
appears  at  701.0  cm'1  in  the  gas  phase  [371,  and  at  704.5, 

700,  and  695  cm  1 in  Ar,  Kr,  and  Xe,  respectively  [35,361. 

The  weak  ^ vibration  which  is  expected  near 


1100 


136 


137 


£ 


srption  bands  aftei 


The  absence  of  the  Mo  atom  abso 
photolysis  and  the  new  infrared  absorptions  at  353. 
and  212.1. cm  which  appeared  after  the  photolysis 
the  presence  of  other  molecules  in  the  matrix  in  ad 
Oj  and  O^.  The  work  of  Andrews  et  al.  on  the  matr 


.6,  264.2, 
suggest 
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and  Ne  matrices. 

Previous  discussions  have  pointed  out  that  one  might 
expect  to  find  similarities  between  second  and  third  row 
transition  metal  oxides  of  the  same  group  [39,40].  However, 
considerable  differences  among  the  oxides  of  a given  group 
have  been  found  and  explained  on  the  basis  of  the  variation 
of  the  electronic  configurations  of  the  metal  atoms  in  a group. 
For  example,  Zr  and  Hf  atoms  both  have  d2s2  (3F)  electron  con- 
figurations and  their  monoxides  both  have  1E*  ground  states 
[39,40].  In  the  group  VB  metals,  Nb  and  Ta,  the  NbO  molecule 
was  found  to  have  a 4 £ ground  state  in  contrast  to  the  2 A 
ground  state  of  TaO  [31.  The  Nb  atom  has  a d4s  (\/2)  elec- 
tron configuration,  whereas  the  Ta  atom  possesses  a d3s2 
( P3/2*  ground  state  [24].  A similar  situation  arises  for 
the  group  VIB  metals,  where  Cr  and  Mo  have  d5s  (7S3)  ground 
states  in  contrast  to  W,  where  the  intrusion  of  the  f shell 
makes  the  d4s2  configuration  more  stable  and  the  ground  term 
is  5D0  [24].  This  apparently  results  in  a bonding  scheme  for 
W oxides  which  is  quite  different  from  the  Mo  oxides  as  has 
been  seen  from  their  electronic  spectra.  This  suggests  that 
the  ground  state  of  MoO  is  like  that  of  CrO  rather  than  WO. 

The  ground  state  of  CrO  is  thought  to  be  5n  [41-43]  while  that 
of  WO  is  probably  3E-  [2] . 

The  infrared  spectra  of  the  oxides  of  Mo  produced  by 
vaporizing  Mo03(s)  and  passing  02  gas  over  the  hot  metal  have 
been  observed  in  Ne  and  Ar  matrices  at  4 °K.  By  comparing 
the  spectra  obtained  under  different  experimental  conditions, 
one  can  attempt  to  assign  bands  to  individual  molecules  as 
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has  been  done  in  the  preceding  sections.  Table  14  contains 
a summary  of  the  most  intense  features  which  were  observed 
in  Ne  matrices  and  the  molecules  to  which  they  were  assigned. 

A comparison  of  the  infrared  spectra  of  the  Mo  oxides 
with  the  reported  vibrational  frequencies  for  the  corresponding 
W oxides  [21  in  Table  15  indicates  that  the  Mo  oxides  are 

a valence  force  field  is  assumed,  one  may  calculate  the  force 


is  1/2  the  O-Mo-O  bond  angle  of  124"  which  was  calculated 
above.  This  gives  a value  for  ^ of  6 3 x 105  dyne/cm  which 
is  considerably  smaller  than  the  value  of  9.6  x 105  dynes/cm 
obtained  for  the  W system. 

The  polymeric  oxides  of  the  two  metals  seem  to  be  more 
tion  shown  in  Figure  32,  and  recent  infrared  observations  of 
810  and  960  cm'1  [451.  This  compares  extremely  well  with  the 
peaks  at  815  and  969  cm  1 [9] . Both  of  these  gas  phase  systems 
fore  it  appears  that  the  matrix  vibrational  spectra  of  these 
guencies  assigned  to  (W03)3  (1024,  874,  and  487  cm'1)  [2j 


TABLE  14 


9556 

9545 


9513 

9503 


(Mo03) 

<MoO,) 


142 


COMPARISON  OF  W AND  Mo  OXIDES  IN  NEON  MATRICES  AT  4“K 


949.5 
900. la 


976. 7a 
922. 2a 


should 
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be  reexamined  with  careful  attention  being  given  to 
the  950-970  cm-1  region  since  from  the  (MoOjJj  results  one 
would  expect  the  highest  frequency  absorption  to  occur  there 
rather  than  above  1000  cm-1. 
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